The relationship between physical fitness and bone mass in the femoral neck, lumbar spine, and forearm was studied in 84 normal women. Femoral neck and lumbar spine bone mineral density and forearm bone mineral content were estimated by absorptiometry. Fitness was quantitated from predicted maximal oxygen uptake. Femoral neck and lumbar bone mineral density were significantly correlated with fitness as well as age and weight.
Introduction
Osteoporosis is a major community health problem affecting up to halfofthe elderly female population in most Western countries (1) . While the postmenopausal state is considered to be a major factor, decreased physical activity has also been reported to be significantly related to the development of osteoporosis (2) (3) (4) .
Immobilization or weightlessness, as experienced by astronauts in space, is a well-known cause of significant .and rapid loss ofbone mineral (5) (6) (7) . In athletes, conversely, bone density has been shown to be significantly higher than in age-matched controls (8) (9) (10) (11) (12) . This effect appears to be most marked with sports that place a large stress on the skeleton (12) . It has been postulated, after these studies in athletes, that physical activity is an important determinant of bone mass in the general population. However, evidence that variations in the level ofactivity, and hence physical fitness, observed in the "normal" population are significant determinants of bone mass has not been conclusively demonstrated.
It has been proposed that other life-style factors play a role in the maintenance of normal bone mass, e.g. weight, parity, and alcohol use have been implicated as possible aetiological factors for osteoporosis (14) (15) (16) (17) . If Physical fitness was quantitated by measurement of predicted maximal oxygen uptake (VO2 max) according to the criteria of Astrand and Ryhming (22) (23) (24) . Subjects were exercised with a submaximal stress on a bicycle ergometer at a constant speed. The workload was selected to maintain the pulse, which was monitored throughout at 120-170 beats/ min. The plateau pulse rate, steady for at least 2 min, was used in conjunction with the load and speed to estimate the V02 max (liters per minute) according to the nomogram of Astrand and Ryhming (23) . The coefficient of variation of this technique from 15 repeat measurements in three normal subjects was 5%.
Weight (kilograms) and height (centimeters) were measured in all volunteers. The menopausal status of the women was confirmed from measurements of follicle-stimulating hormone, luteiniing hormone, and estradiol. No subjects in the study had prior history of renal disease and all had normal renal function as assessed by creatinine clearances (available in 65 subjects) and/or a normal serum creatinine.
Statistical methods. Analysis was performed by simple linear regression and by stepwise multiple regression using the Minitab statistical package (Pennsylvania State University, University Park, PA). Student's t test was used to test the significance ofthe partial regression coefficients.
Results
The mean age of the subjects studied was 49 yr. 30 were or had been smokers, and in these, the mean tobacco use was 19 pack years. There were 64 subjects who drank alcohol, and for these the mean total life alcohol consumption was 62 kg ethanol. This represents less than one standard alcoholic drink per day from an age of 20 to the mean age of 49 yr.
Femoral neck. Femoral neck BMD was significantly positively correlated with V02 max (r = 0.60, P < 0.001), weight (r = 0.27, P < 0.05), and height (r = 0.24, P < 0.05). There was also a significant negative correlation with age (r = -0.64, P < 0.001). Further analysis by stepwise multiple regression found age, VO2max, and weight to be independent significant predictors of femoral neck BMD (r2 = 0.5, n = 83, P < 0.001). The regression equation was: femoral neck BMD = 0.81 -0.0044 (age) + 0.067 (VO2 max) + 0.0023 (weight), and the partial regression coefficients were significant at the 0.001, 0.005, and 0.05 levels, respectively. The significant correlation between femoral neck BMD and V02 max in a multiple regression analysis indicates an independent relationship between these two parameters rather than an association due to their common relationship with one of the other variables, e.g. age. When these analyses were repeated in the postmenopausal women, V02 max was the only significant predictor of femoral neck BMD (r = 0.46, n = 45, P < 0.01). The equation was: femoral neck BMD = 0.61 + 0.1 1 (V02 max).
The importance of this relationship becomes evident by considering that a variation in VO2 max within the normal postmenopausal range of this study (i.e. mean±2 SD) corresponds to a 23% variation in the observed femoral neck BMD. Femoral neck BMD ofthe 38 premenopausal women was correlated with V02 max (r = 0.32, P < 0.05, one tailed) and age (r = -0.30, P < 0.05, one tailed) but not with weight. Fig. 1 shows the relationship between femoral neck BMD and VO2 max.
Lumbar spine. The results for the lumbar spine were similar to those for the femoral neck. Lumbar BMD was significantly positively correlated to V02 max (r = 0.54, P < 0.001), weight (r = 0.39, P < 0.001), and height (r = 0.30, P < 0.01). There was also a significant negative correlation with age (r = -0.57, P < 0.001). Analysis by stepwise multiple regression found age, weight, and V02 max to be independent significant predictors V02 max (r = 0.30, P < 0.05). There was also a significant negative correlation with years postmenopause (r = -0.29, P < 0.05). However, further analysis by multiple regression found weight and V02 max were the only independent significant predictors of lumbar BMD in this group (r2 = 0.20, n = 44, P <0.001). The equation was: lumbar BMD = 0.44 +0.0068 (weight) + 0.10 (VO2 max), and the partial regression coefficients were significant at the 0.01 and 0.05 levels, respectively. Lumbar spine BMD of the premenopausal women was significantly correlated with weight (r = 0.45, P < 0.01). There was no significant correlation with V02 max or age. The relationship between lumbar BMD and V02 max is shown in Fig. 2 . Forearm. In contrast to our findings for the axial skeletal sites, forearm BMC was significantly positively correlated with only V02 max (r = 0.42, P < 0.001). There was a significant negative correlation with age (r =-0.58, P < 0.001). However, further analysis by stepwise multiple regression found age to be the only significant independent predictor of forearm BMC. The regression equation was: forearm BMC = 1.73 -0.0082 (age); (r = -0.58, n = 75, P < 0.001). This suggests that the significant correlation observed between forearm BMC with VO2 max in simple regression may be due to the common relationship of these two parameters with age rather than an independent relationship (see below).
In the postmenopausal women, forearm BMC was significantly negatively correlated with age (r = -0.58, P < 0.001) and There was no significant correlation with V02 max or weight. Alcohol and tobacco usage, parity, and duration ofbreast feeding were not found to be significant factors in the determination of VO2 max or bone mass at any of the sites studied. VO2 max was found to be significantly correlated with age (r =-0.59, P < 0.001) and height (r -0.30, P < 0.01).
Discussion
These data clearly demonstrate that BMD of the femoral neck and lumbar spine in women are significantly related to variations in the level of physical fitness within the normal range. In particular; physical fitness is the only independent predictor offemoral neck BMD in postmenopausal women. Bone mass and V02 max are known to be significantly correlated with age, as shown here and previously observed (20, 22, 25, 26) . The associations of V02 max and bone mass might therefore be the result ofthe common relationship ofboth variables with age, rather than a direct correlation between V02 max and bone. However, the finding of a significant correlation between V02 max and axial bone mass, after accounting for the effect of age in a multiple regression, indicates that these two variables are independently related. Reproducible quantitation of habitual physical activity is difficult. There is general acceptance that the maximum oxygen uptake, V02 max, is a good index of aerobic working capacity or "fitness" (27) . Because measurement of this parameter requires strenuous exercise, usually on a treadmill or bicycle ergometer, the direct measurement of V02 max is not suited to middle-aged or elderly individuals. As an alternative, we have used values of V02 max derived from submaximal exercise testing on a bicycle ergometer, which do not differ significantly from direct measurements of V02 max on the ergometer (24, 28, 29) . While genetic factors may be important determinants, regular physical activity can result in an increase in V02 max (22, 25, 30) . Furthermore, in a large study of occupational groups, individuals within physically active professions, or those who were physically active in their leisure time, were found to have higher values for VO2 max (22) . Similarly, Cotes et al. found V02 max to be significantly correlated to the customary physical activity determined by questionnaire (31) . Our data, showing a relationship between V02 max and BMD, therefore supports the premise that habitual physical activity is an important determinant of bone mass in the femoral neck and lumbar spine in women.
Previous studies in athletes (10) (11) (12) and in animals (32, 33) suggest that there is primarily a local effect of exercise upon that part of the skeleton involved in the physical activity. However, because these studies represent such extremes ofphysical activity, there is difficulty in extrapolating to the general population. In this group, physical fitness and V02 max are probably largely determined by activities involving the lower limbs, such as walking. The lack of a significant correlation in this study between forearm BMC and V02 max would be consistent with the predominant physical activity, i.e. walking, which exerts a local effect upon the lower limbs and spine.
The apparent stronger correlation between fitness and femoral neck bone density, compared with lumbar spine bone density, may also relate to the pattern of physical activity in the general population. Thus, while a change from a seated posture to walking will result in increased activity ofthe paraspinal muscles, there will be a relatively greater increase in weight loading and muscular activity ofthe lower limbs. This close relationship oflower limb load and muscular activity to exercise may be the explanation for the stronger correlation observed between femoral neck bone density and fitness.
There have been little data published previously as to whether the variation in physical activity or physical fitness, observed in the general population, is a significant factor in the determination of bone mass. Smith et al. concluded that factors other than physical activity were important in determining the rate ofbone mineral loss in postmenopausal women (34) . Conversely, Oyster et al. reported a positive correlation between activity, determined from a physical activity profile questionnaire, and bone mass assessed by measurements of metacarpal diameter (4). However, bone mass in both these studies was measured in the upper limbs, which may not reflect the effects of the predominant physical activity of daily living, i.e. walking, as well as the axial skeleton may. Further, there is data to suggest that the upper limb sites, which are largely cortical bone, do not accurately reflect the skeletal axial sites such as the lumbar spine and femoral neck, which have higher percentages of trabecular bone (35) (36) (37) . Hence, those studies where only forearm measurements have been made may not reliably reflect any benefit, or lack thereof, of exercise on the more clinically important axial bone sites of the femoral neck and spine.
Krolner et al. reported a higher lumbar BMD, measured by dual photon absorptiometry, in a group of middle-aged women with a high work capacity, compared with a group with a low work capacity (38) . This group did not find any difference in forearm BMC between the two groups. Black-Sandler et al. reported a positive correlation between bone mass in the tibia and radius and physical activity measured by means of an activity monitor worn for 3 d (2).
Two major prospective studies have demonstrated a positive effect of an exercise program on lumbar BMD and total body calcium (39, 40 This study supports our recent finding that physical activity is an independent significant predictor of femoral neck BMD in patients with rheumatoid arthritis (Sambrook, The lack of any significant correlation between alcohol and tobacco use and bone mineral measurements may be due to the relative moderate use of these agents by the subjects studied, and does not exclude deleterious effects on bone at higher levels of use.
In summary, this study has shown quantitatively for the first time the significant relationship between physical fitness, and, by implication, habitual physical activity, and bone mass ofthe femoral neck and lumbar spine. Importantly, physical fitness in this normal group accounted for 23% ofthe variation in femoral neck bone mineral density. These data support the premise that physical activity is a major determinant of femoral neck and lumbar spine bone mass. They suggest that increased physical activity may be a useful modality in prevention of fractures at these sites.
